ABSTRACT: Methyleugenol, the methyl ether of eugenol, both of which are flavorant constituents of spices, has been listed by the National Toxicology Program's Report on Carcinogens as reasonably anticipated to be a human carcinogen. This finding is based on the observation of increased incidence of malignant tumors at multiple tissue sites in experimental animals of different species. By contrast, eugenol is not listed. In this study, we show that both methyleugenol and eugenol readily undergo peroxidative metabolism in vitro to form free radicals with large hyperfine interactions of the methylene allylic hydrogen atoms. These large hyperfine splittings indicate large electron densities adjacent to those hydrogen atoms. Methyleugenol undergoes autoxidation such that the commercial product contains 10−30 mg/L hydroperoxide and is capable of activating peroxidases without the presence of added hydrogen peroxide. Additionally, the hydroperoxide is not a good substrate for catalase, which demonstrates that these antioxidant defenses will not be effective in protecting against methyleugenol exposure.
■ INTRODUCTION
Methyleugenol (Chart 1A, CAS # 93-15-2) is the methyl ether of eugenol (Chart1B, CAS # 97-53-0), which is itself a major constituent of spices such as clove, allspice, and bay leaves 1 and is known to induce contact allergies. 2, 3 Methyleugenol (MEU) and eugenol (EUG) are allylalkoxybenzene derivatives that are present as flavoring constituents in foodstuffs or are added as flavor extenders. Their chemical structures resemble those of safrole, a known carcinogen, and estragole. 4 A safety assessment of allylalkoxybenzene derivatives was prepared by the Expert Panel of the Flavor and Extract Manufacturers' Association, which summarized previous findings about the safety of MEU. They conclude that the present human exposure to MEU does not pose a significant cancer risk. 5 By contrast, the Twelfth Report on Carcinogens of the National Toxicology Program concludes that MEU is reasonably anticipated to be a human carcinogen. 6 This finding is based on the observation of increased incidence of malignant tumors in the liver, bile duct, glandular stomach, kidney, mesothelium, mammary gland, and skin in experimental animals. 6 The mechanism of hepatic carcinogenesis appears to result from the bioactivation of MEU to DNA-reactive intermediates via hydroxylation of the 1′ position of the allylic side chain and subsequent sulfation to generate 1′-sulfoxymethyleugenol, 7−9 conversions that can occur in the liver and that have also been demonstrated to occur in the human liver. 10 In vitro studies have identified the human liver cytochrome P450 1A2 as the enzyme that is the likely bioactivator of MEU. 11 A 5-fold difference in activities occurred among 15 human microsome samples in a correlation study, which suggested that individual differences, arising from lifestyle factors such as smoking or drug use, can influence the likelihood that MEU exposure will lead to harmful effects. 11 Additionally, the European Commission's Scientific Committee on Food formulated an opinion on MEU, based largely on the rodent studies, 12 concluding it to be a multisite, multispecies genotoxin and carcinogen for which no threshold could be assumed and for which no safe exposure limit could be established. 12 The use of pure MEU has been banned in the European Union but not in the U.S.A.
The biological and biochemical mechanisms by which alkenylbenzenes cause mutagenesis and carcinogenesis are areas of active research. Bioactivation of these molecules to their ultimate carcinogens takes place through cytochromes P450 and sulfotransferases. 13 Kinetic studies in vitro of [
14 C]MEU and [ 14 C]EUG in human, mouse, and rat liver and lung tissue fractions showed that the compounds are metabolized differently: MEU is converted to significant amounts of the 1-hydroxy proximate carcinogen, but EUG is glucuronidated, thus avoiding the formation of 1-hydroxyeugenol. 8 In a study of MEU and its oxidative metabolites in Chinese hamster lung fibroblasts, marginal cytotoxic effects were not observed, but MEU and 1′-hydroxymethyleugenol at concentrations of ≥10 μM caused DNA strand breaks.
14 MEU bioactivation and detoxification were studied by a physiologically based kinetic approach comparing human and rat models, and the results obtained revealed that there were no substantial species differences in the formation of the reactive ultimate carcinogenic l′-sulfoxymethyleugenol metabolite. 15, 16 MEU is a ubiquitous environmental component with annual use in excess of 30,000 kg in the United States' food, perfume, and pesticide industries. 17 It is present in soaps and perfumes as a fragrance, in commercial food products as a flavorant, and in pesticides as an insect attractant. 12 High resolution mass spectrometric analyses of serum samples from 213 nonfasting adult participants in the Third National Health and Nutrition Examination Survey detected methyleugenol in 98% of samples at a mean concentration of 24 pg/g (range <3.1−390 pg/g). 18 Fasted human volunteers who consumed controlled amounts of MEU had prefeeding serum concentrations averaging 16.2 pg/g MEU. Mean serum levels increased following MEU consumption and then decreased over time with metabolism: 53.9 pg/g (15 min); 42.9 (30 min); 37.0 (60 min); and 25.2 (120 min) with an elimination half-life of ca. 90 min. 18, 19 The total human oral intake of MEU has been estimated as 0.77 μg/kgbw/d, of which 14% is added MEU. 20 Since MEU is carcinogenic in extrahepatic tissues which have lower levels of cytochrome P450s and sulfotransferases, we decided to investigate the oxidation of MEU and the related EUG by peroxidases, which are widely distributed in extrahepatic tissues.
Although phenoxyl radicals of EUG have been investigated by electron paramagnetic resonance spectroscopy (EPR), no reports of MEU radicals have appeared. Atsumi 21−24 Nakagawa et al. reported resolved and assigned EPR spectra for sesmolyl and related phenoxyl radicals that were generated by continuous UV-irradiation of benzene solutions of the corresponding phenols. 25 Thompson et al. oxidized EUG to its phenoxyl radical using HRP in a fast-flow system 26 and report EPR parameters similar to those for related methoxy-substituted phenoxyl radicals. 27 Although there have been no previous reports of EPR observations of MEU radical cations, there have been literature reports of chemical or electrochemical production of methoxybenzene radical cations. Zweig and co-workers used controlled potential electrolysis to generate methoxy-substituted benzene cation radicals in situ for EPR studies. They also produced radicals of pentamethoxybenzene and 1,4-dimethoxybenzene in 96% sulfuric acid. 28 Siero and co-workers observed highly resolved EPR spectra of radical cations generated by phenyl iodine(III)bis(trifluoroacetate) [PIFA] as the electron acceptor in a charge transfer complex formed by methoxybenzenes and PIFA in hexafluoropropanol solution. 29 Also Kersten and coworkers reported the biochemical generation of methoxybenzene radical cations of 10 of the 12 possible methoxybenzene congeners, including cis-and trans-1,4-dimethoxybenzene, 1,2,3,4-tetramethoxybenzene, and 1,2,4,5-tetramethoxybenzene by ligninase peroxidase and hydrogen peroxide. 30−32 By contrast, HRP was only able to oxidize the four congeners with the lowest half-wave oxidation potentials. Biochemical oxidation of these molecules produced methoxy-substituted benzoquinones and methanol and demonstrated that the quinone oxygen atoms were derived from the solvent water.
In this study, we report the first observation of radical cations of MEU produced by HRP metabolism. Observation of radical cations of several related compounds is also reported, and the EPR spectral assignments for this series of radicals form a consistent pattern. Free radical metabolites have been widely implicated as contributing to disease states and may be involved in MEU carcinogenicity in extrahepatic tissues.
■ MATERIALS AND METHODS
Chemicals and Biochemicals. Methyleugenol (4-allyl-1,2-dimethoxybenzene); eugenol (4-allyl-2-methoxyphenol); 3,4-dimethoxytoluene; 2-methoxy-4-methylphenol; 3,4-dimethoxyphenol; cerium(IV) sulfate; sulfuric acid; DTPA; hemoglobin; and HRP (Type VI) were purchased from Sigma-Aldrich (St. Louis, MO). Reagents were generally of the highest purity available and were used as received. The buffer for those reactions using it was 50 mM, pH 7.4, phosphate buffer prepared by diluting a 500 mM solution treated with Chelex 100 resin (Bio-Rad, Hercules, CA) to remove adventitious transition metal ions. These solutions also contained either 1.0 mM or 0.1 mM DTPA to further hinder trace metal catalysis. The H 2 O 2 concentration was confirmed by absorbance measurements at 240 nm (ε 240 = 39.4 M
. 40 In some experiments, the commercial preparation of HRP was loaded onto a PD-10 gel filtration column and eluted with 50 mM phosphate buffer, pH 7.4, treated with chelex before use. This was done primarily to remove reducing impurities from the sample. The concentration of HRP was determined from the Soret maximum at 412 nm (ε native HRP = 102 mM −1 cm −1 ).
41
EPR Experiments. EPR spectroscopic measurements were used to detect and identify free radical intermediates. Unstable intermediates were detected by means of fast-flow EPR experiments performed in a manner similar to that in our previous reports. 33, 34 Reagents placed in solution reservoirs were pumped though plastic hoses by means of a Masterflex L/S microprocessor-controlled peristaltic pump (ColeParmer, Vernon Hills, IL) to a quartz fast-flow mixing chamber flat cell (Type WG-804, 10 mm width, Wilmad Glass Co., Buena, NJ). Flow rates for each solution could be selected from 10 mL/min to greater than 100 mL/min. EPR measurements were made using an Elexsys EPR spectrometer operated at a frequency near 9.7 GHz and a magnetic field near 348 mT (Bruker Biospin, Billerica, MA). The magnetic field at the ER4122 super hi-Q microwave cavity was modulated at 100 kHz, affording the firstderivative EPR spectra that were recorded as computer files using Bruker's software. Subsequent analysis, interpretation, and simulation of the spectra used locally produced software. 35 UV−Visible Spectroscopic Experiments. Absorption spectra were recorded on a Cary 100 UV−visible spectrometer (Varian, Victoria, Australia) using 1.0 cm-path length quartz cuvettes.
Miscellaneous. Hydroperoxide tests used Quantofix peroxide test strips (Sigma-Aldrich, Inc., Milwaukee, WI) that have a sensitivity reported to detect a lower limit of 1 mg/L peroxide. Figures were prepared using the Origin (Origin Lab, Inc., Northampton, MA) or CorelDraw (Corel Corporation, Ottawa, Canada) software packages.
■ RESULTS
MEU oxidized by HRP activated by hydrogen peroxide in a fastflow system produced a well-resolved EPR spectrum of the corresponding radical cation ( Figure 1A ). Essentially the same spectrum resulted when MEU was oxidized chemically by Ce(IV) in sulfuric acid solution (data not shown). The same spectrum was also produced when MEU was oxidized by hemoglobin and hydrogen peroxide in a fast-flow system (data not shown). Control experiments ( expected. However, when hydrogen peroxide was omitted, a strong EPR signal was still observed ( Figure 2D ), and the same spectrum was observed in the presence of catalase at a concentration 70 times that of the peroxidase ( Figure 2E) .
Alkenylbenzenes, such as MEU, with allylic hydrogen atoms are known to be susceptible to autoxidation reactions that produce organic hydroperoxides. 36−38 The Quantofix test strip assay of stock MEU indicated the presence of hydroperoxides in the range of 10 to 30 mg/L. The presence of endogenous hydroperoxides in stock MEU and the ability of hydroperoxide to activate HRP and sustain the oxidation of MEU to its radical were established by UV−visible spectroscopic measurements. The spectrum obtained for native HRP before the addition of H 2 O 2 and/or MEU exhibits two characteristic bands at 502 and 642 nm and the Soret band at 402 nm ( Figure 3A) . The addition of H 2 O 2 resulted in the immediate decrease in absorbance of the Soret band and the appearance of peaks with maxima at approximately 565 and 650 nm, which are associated with the formation of Compound I. The addition of 1.75 mM MEU 2 min after the addition of H 2 O 2 caused a shift of the Soret peak from 402 to 419 nm and the appearance of two peaks at 528 and 557 nm that are characteristic of Compound II ( Figure 3B ). During the first 4 min following the addition of MEU, the Soret intensity increased quickly, after which it remained at a constant level.
The presence of endogenous hydroperoxide in the stock of MEU was investigated by incubating HRP with MEU in the absence of exogenously added H 2 O 2 . The spectral variation observed between 2 and 10 min after the addition of MEU is presented in Figure 3C . The first scan following the addition of MEU to the native enzyme showed the formation of species similar to Compound II, with absorption maxima at 419, 528, and 557 nm. The subsequent spectra showed that Compound II slowly reverted to the native form. None of the spectra observed showed the dramatic decrease in absorbance of the Soret band and the absorption peaks at 565 and 650 nm that are characteristic of Compound I, in accordance with the instability of this intermediate in the presence of one-electron reductants. 40, 41 That an endogenous hydroperoxide was effectively responsible for the accumulation of Compound II in the reaction system has been tested by the addition of catalase. Similar changes in spectra were obtained when catalase was added immediately before the injection of MEU in the above reaction mixture (not shown). However, in the presence of the H 2 O 2 scavenger, slightly less Compound II was generated, but the effect was small, indicating that the endogenous hydroperoxide did not react well with catalase (data not shown).
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The EPR spectrum of the 3,4-dimethoxytoluene radical cation (Figure 4 ) was recorded and interpreted to assist the assignment of EPR hyperfine coupling constants in the MEU radical cation with Ce(IV) in 0.23 M sulfuric acid solution serving as the oxidizing agent. Oxidation of 3,4-dimethoxytoluene by HRP and hydrogen peroxide produced only a very weak EPR signal under our fast flow conditions (data not shown).
A well-resolved EPR spectrum of eugenol phenoxyl radical, reported in Figure 5 , was observed when eugenol was oxidized by reaction with HRP and hydrogen peroxide in a fast flow system. This spectrum was recorded with somewhat better signal-to-noise and resolution than that reported previously. 26 Essentially the same spectrum was observed when eugenol was oxidized chemically by Ce(IV) in 0.23 M sulfuric acid solution (data not shown).
The EPR spectrum of 2-methoxy-4-methylphenol phenoxyl radical (Figure 6 ) was recorded and interpreted to assist the assignment of EPR hyperfine coupling constants in the eugenol 
■ DISCUSSION
Kersten et al. were unable to oxidize any of the dimethoxybenzene compounds (or any related compounds with oxidation potentials greater than about 1.36 V) with the HRP-hydrogen peroxide system. 30 (All oxidation potentials have been corrected to volts vs the standard hydrogen electrode.) The oxidation potential of 1,2-dimethoxybenzene is reported as 1.69 V, 28 while that for allylbenzene is about 2.6 V. 39 The structurally similar compound (3,4-dimethoxy)methylcinnamate has an oxidation potential of 1.7 V. 42 The oxidation potential of HRP Compounds I and II is about 0.9 V near pH 7.4 depending on the isozyme, 43 which suggests that MEU might be oxidized successfully by HRP.
The MEU radical cation has a well resolved EPR spectrum ( Figures 1A and 2A) and is accurately simulated (Figure 1B) by the hyperfine coupling constants reported in Table 1 . Subtraction of the simulation from the experimental spectrum results in a residual pattern that is essentially noise ( Figure 1C) . When either MEU ( Figure 2B ) or HRP ( Figure 2C ) is omitted from the incubation, no EPR spectrum is recorded. However, even when H 2 O 2 is omitted from the incubation, a strong MEU EPR signal is seen ( Figure 2D ), and the same spectrum is observed when the incubation lacks H 2 O 2 but contains 32 μM catalase ( Figure 2E ). These observations are consistent with the presence of an organic hydroperoxide in MEU; this was confirmed by peroxide test strips that provided a semiquantitative estimate of 10−50 mg/L peroxide concentration. Treating MEU with alumina to remove the peroxide reduced the concentration of peroxide but did not eliminate it.
Data presented in Figure 3A and B are the first clear spectral evidence that the oxidation of MEU proceeds by a cycle typical of peroxidase involving Compounds I and II. HRP Compound II was the predominant form of peroxidase observed in the presence of a high concentration of MEU, and this intermediate was detected even in the absence of exogenously added H 2 O 2 . The intensity of the characteristic absorption peaks of HRP Compound II decreases over time as the reaction proceeds, and the resting state of HRP is regenerated ( Figure 3C) . A similar experiment with catalase added to the incubation demonstrated that the hydroperoxide is not affected by the presence of catalase, a result that is consistent with the EPR observation ( Figure 2E ). This indicates that the hydroperoxide formed by autoxidation of MEU is not a good substrate for catalase and explains why inclusion of catalase in the EPR incubation of MEU had no effect ( Figure 2E ). Presumably glutathione peroxidase, which is nonspecific, will reduce this unknown hydroperoxide and thereby inhibit oxidation of MEU. The MEU radical EPR spectrum hyperfine pattern arises from large hyperfine couplings of the two hydrogens of the methylene group attached at the 4 position and one hydrogen atom attached at the 5 position, as would be predicted from the simple model of benzene molecular orbital ordering that results from two ortho-methoxy electron-releasing substituents. 44, 45 (See Table 1 for the numbering scheme.) That the methylene hyperfine couplings are large is also evident from the EPR spectrum of the 3,4-dimethoxytoluene radical cation (see Figure  4A ). This EPR spectrum is simulated successfully ( Figure 4B ) with hyperfine parameters quite close to those for MEU (see Table 1 ), and the residual pattern that results from subtracting the simulated from experimental spectrum is essentially noise ( Figure 4C ). Successful simulation of the spectra of both radicals also requires the inclusion of hyperfine coupling from two sets of methoxy hydrogen atoms, which indicates that we are seeing the initial free radical species before any demethoxylation reaction can occur.
The EPR spectrum of the EUG phenoxyl radical ( Figure 5A ) has been reported previously but recorded at somewhat lower resolution and poorer S/N. 26 Hyperfine coupling constants for this radical and for the 2-methoxy-4-methylphenol phenoxyl radical ( Figure 6A ) are reported in Table 1 and are consistent with the related radicals. They are characterized by large hyperfine couplings to two and three hydrogen atoms, respectively, substituted at the number 4 carbon of the aromatic ring. Both spectra are accurately simulated by the assigned hyperfine parameters (Figures 5B and 6B ) and have residuals that are essentially noise ( Figures 5C and 6C) .
Methyleugenol undergoes autoxidation such that the commercial product contains 10−30 mg/L hydroperoxide and is capable of activating peroxidases without the presence of added hydrogen peroxide. Our spectroscopic studies show that the hydroperoxide is not a good substrate for catalase, which suggests that glutathione peroxidase may be important in the inhibition of this pathway in vivo. Thus, we suggest that peroxidase metabolism may contribute to the observed carcinogenicity of MEU in extrahepatic tissues. Whether the peroxidase metabolism may contribute to the observed carcinogenicity of MEU in extrahepatic tissues remains to be investigated. 
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